Background: Thioredoxin-interacting protein (TXNIP) is a redox sensor that opposes glucose uptake and glycolytic metabolism. Results: TXNIP-deficient skeletal muscles lose capacity for ketone and branched chain amino acid oxidation due to deficits in specific mitochondrial dehydrogenases. Conclusion: TXNIP permits muscle use of alternative respiratory fuels during glucose deprivation. Significance: Dysregulation of TXNIP might contribute to aberrant fuel selection in the context of metabolic disease.
Thioredoxin-interacting protein (TXNIP), 2 also known as vitamin D 3 up-regulated protein 1 (1) and thioredoxin-binding protein 2 (2) , is a ubiquitously expressed 46-kDa protein that binds to the catalytic center of thioredoxin (TXN), an antioxidant protein that regulates the reversible oxidation/reduction of protein thiols/disulfides (3, 4) . Thus, TXNIP serves as a negative regulator of TXN activity and sensitizes the cell to oxidative stress (2) . Structurally, TXNIP belongs to the ␣-arrestin superfamily of proteins that are characterized by a two-lobe, immunoglobulin-like ␤-strand sandwich motif (5) . Recent findings suggest that at least some biological functions of TXNIP are mediated via the arrestin domain rather than its redox-sensitive cysteine residues (6) .
Evidence that TXNIP plays a critical role in metabolic regulation first came to light when the hyperlipidemic phenotype of the HcB-19/Dem (HcB-19) mouse strain was linked to a nonsense mutation in the Txnip gene, resulting in complete loss of the protein. In addition to hypertriglyceridemia, hypercholesterolemia, and increased secretion of triglyceride-rich lipoproteins (3), HcB-19 mice have abnormally high levels of free fatty acids and ketones during food restriction, suggesting perturbations in either the production or clearance of these fuels (3, (7) (8) (9) . Many of the same metabolic features were recapitulated in three additional mouse models with targeted disruptions in the Txnip gene (10 -13) .
In addition to regulating lipid metabolism, strong evidence has established a central role for TXNIP in cellular glucose homeostasis. Numerous studies in cultured cells have shown that overexpression of TXNIP lowers glucose uptake, whereas silencing of the gene imparts the opposite effect (14) . Likewise, each of the foregoing mouse models of TXNIP deficiency is characterized by fasting-induced hypoglycemia, improved glucose tolerance, enhanced insulin sensitivity, and increased glucose transport into peripheral tissues (10 -13) . Notably, this insulin-sensitive phenotype is maintained even when TXNIP null animals are fed a high fat diet (10, 11) or bred into the obese, ob/ob background (15) , raising interest in this protein as a potential antidiabetic drug target.
The molecular mechanisms underlying the profound metabolic consequences of TXNIP deficiency appear to be highly complex and tissue dependent. Previous studies have implicated perturbations in pancreatic insulin secretion (8) , hepatic glucose output (13) , Akt signaling (11) , glucose transporter 1 trafficking (16) , NLRP3 inflammasome activation (17) , and oxidative stress (18) . There is growing suspicion that at least some of these outcomes are secondary to mitochondrial dysfunction and impaired oxidative metabolism. For example, oxidation rates of 14 C-labeled glucose, fatty acids, and ketones are lower in isolated skeletal muscles from TXNIP knock-out (TKO) mice compared with their littermate controls (11) , and pyruvate oxidation is disrupted in heart mitochondria from TKO mice (19) . Most notably, in both cell culture and animal models, deletion of Txnip results in robust increases in lactate production (3, 9, 11, 13, 14, 19) , a strong biomarker of oxidative insufficiency.
Whereas the foregoing observations have fueled widespread speculation surrounding a critical role for this protein in regulating mitochondrial function, rigorous experimental evidence to support this presumption is sparse. The purpose of the present study was to further delineate the connection between TXNIP and oxidative metabolism in skeletal muscle and liver. To this end, we employed targeted metabolomics and comprehensive bioenergetic analyses to evaluate oxidative metabolism and respiratory kinetics in mouse models of total body and skeletal muscle-specific Txnip deficiency. In aggregate, our results show that TXNIP is not required for normal functioning of the electron transport chain (ETC), but is essential for maintaining skeletal muscle protein abundance of specific mitochondrial dehydrogenase enzymes that permit switching from glucose to alternative fuels. These findings shed new insight into the physiological function of TXNIP and the metabolic turmoil caused by its deficiency.
EXPERIMENTAL PROCEDURES
Animal Studies-Animal studies were approved by the Duke University Institutional Animal Care and Use Committee. Generation of the total body Txnip knock-out (TKO) and Txnip homozygous floxed control (TXNIP fl/fl ) mice has been previously described (11) . Skeletal muscle-specific knock-out mice (TXNIP SKMϪ/Ϫ ) were generated by breeding TXNIP fl/fl mice with transgenic mice expressing Cre recombinase under con-trol of the mouse myogenin promoter and MEF2C (myo-Cre Tg/0 ), which express Cre recombinase exclusively in skeletal muscle but not heart. All lines were backcrossed Ͼ6 generations to the C57BL/6J background. Male mice were used for all studies. Animals were housed in a temperature-controlled environment with a 12-h light:12-h dark cycle and allowed ad libitum access to standard chow (Purina Rodent Chow no. 5015, Purina Mills, St. Louis, MO) and water. On the day of sacrifice, food was removed from cages 5-6 h prior to harvesting tissues and blood.
Metabolic Phenotype Parameters-For glucose tolerance tests, mice were fasted 6 h prior to an intraperitoneal injection of 1.75 g/kg of glucose and blood glucose and lactate levels were measured from the tail using a glucometer (BD Medical, Franklin Lakes, NJ) and the Lactate Plus analyzer (Nova Biomedical, Waltham, MA). EDTA plasma collected at 9, 12, and 18 weeks of age were stored at Ϫ20°C prior to analysis of triglycerides (Sigma, 337-B), non-esterified fatty acids (Wako Chemicals, Richmond, VA), and ketone bodies (acetone, acetoacetate, and ␤-hydroxybutyrate) (Hitachi 911 clinical chemistry analyzer). Plasma lactate assay was assayed spectrophotometrically (20) at 340 nm using a SpectroMax spectrophotometer (Molecular Devices, Silicon Valley, CA).
Exercise Testing-Mice were habituated for three consecutive days prior to exercise testing by exposing them to a stationary treadmill set at a 10% incline for 5 min, followed by 1-min intervals at speeds of 6, 9, and 12 m/min. The high-intensity treadmill test began with a 5-min 0-m/min acclimation period followed by a speed of 15 m/min, which was then increased at increments of 3 m/min every 3 min to a maximal pace of 30 m/min. Mice ran to exhaustion, defined as 10 consecutive seconds on the shock grid. Peak VO 2 and the respiratory exchange ratio (RER) were measured by indirect calorimetry using the Comprehensive Laboratory Animal Monitoring System (CLAMS) attached to an enclosed treadmill (Columbus Instruments, Columbus, OH). Endurance exercise was conducted on an open field six-lane treadmill set at a 10% incline. Following a 5-min 0 m/min acclimation period, the speed was raised to 6 m/min and increased by 2 m/min every 5 min until exhaustion.
Mitochondrial Isolation-Mitochondria from gastrocnemius muscles were isolated by differential centrifugation using one of two methods. For respiratory function and enzyme assays, we used a protease digestion method involving 2 min exposure to 0.5 mg/ml of Type XXIV protease (Sigma) (20) . Liver mitochondria and muscle mitochondria used for Western blot analyses were harvested using a mechanical preparation devoid of proteases. Tissues were homogenized in KMEM buffer (100 mM KCl, 50 mM MOPS, 1 mM EGTA, 5 mM MgSO 4 , 1 mM ATP, pH, 7.4) with a Teflon pestle and centrifuged at 500 ϫ g to remove cell debris. The supernatants were then centrifuged at 10,000 ϫ g to isolate mitochondria, followed by three slower centrifugations (7,000 ϫ g, 7,000 ϫ g, and 3,500 ϫ g) for washing. The mitochondrial pellet was resuspended in 250 l of KMEM or SET buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris-HCl, 2 mM ATP, pH 7.4). The protein concentration was assayed using the BCA kit (Sigma).
Substrate Oxidation-Fatty acid and pyruvate oxidation rates were determined by measuring the production of (21) . Leucine oxidation rates were determined by measuring the production of [ 14 C]CO 2 from 2.5 Ci/ml of [U-14 C]leucine (100 M). Isolated mitochondria were resuspended to 0.8 g/l in SET buffer and transferred to incubation buffer (pH 7.8) consisting of 62.5 mM sucrose, 12.5 mM potassium phosphate, 100 mM potassium chloride, 1.25 mM magnesium chloride, 2.5 mM carnitine, 0.25 mM malic acid, 1.25 mM DTT, 2 mM NAD ϩ , 2 mM ATP, 10 mM Tris-HCl, 0.5 mM CoA, 0.1 mM pyroxidal phosphate, 0.4 mM thiamine pyrophosphate, and 0.5 mM ␣-ketoglutarate. Added to the final volume of incubation buffer were appropriate volumes of lipoyl dehydrogenase (5 units/ml) and branched-chain amino acid (BCAA) transaminase, where 1 unit converts 1.0 mol of leucine per minute to 2-ketoisocaproate at 37°C in the presence of ␣-ketoglutarate and pyroxidal phosphate. The incubation buffer was kept in a shaking water bath at 37°C for at least 3 h before use to allow for conversion of the radiolabeled leucine to its labeled intermediate, 2-ketoisocaproate.
Isolated Muscle Incubations-[1-14 C]Palmitate oxidation and [U-14 C]leucine oxidation in intact soleus and extensor digitorum longus (EDL) muscles were conducted as described in Refs. 20 and 22. A similar procedure was used for measuring [U-14 C]glucose oxidation in low calcium (Krebs Henseleit) KHB buffer containing 5 mM glucose, 0.5 mM carnitine, and 12.5 mM HEPES Ϯ 100 nM insulin (23) . Incubation media was collected for the spectrophotometric assessment of lactate production via the reduction of NAD ϩ at 340 nm.
Isolated Mitochondrial Oxygen Consumption-Mitochondria were resuspended at 0.5 mg/ml in MiR05 respiration media (24) using BD Oxygen Biosensor plates (BD Biosciences, MA) as described in Ref. 20 .
Preparation of Permeabilized Muscle Fibers, Mitochondrial Respiration, and Mitochondrial H 2 O 2 emission in Permeabilized Fiber Bundles-These techniques were adapted from previous methods (25, 26) and as described in Refs. 27 and 28.
Metabolic Profiling-Tissue and plasma metabolites were measured using tandem mass spectrometry (29) .
Enzyme Activity Assays-Citrate synthase was assessed using a colorimetric assay (20) . Short chain hydroxyl-acyl-CoA dehydrogenase (SCHAD) activity was measured for 10 min at 37°C in a reaction buffer (pH 6.5) containing 100 mM potassium phosphate, 0.1 mM EDTA, and 0.3 mg/ml of essential fatty acidfree BSA using a modified protocol (30, 31) . The rate of disappearance of 0.1 mM NADH at 340 nm upon the addition of 50 M acetoacetyl-CoA substrate was determined over the linear range of the reaction and normalized to the molar extinction coefficient for NADH (6.22 mM Ϫ1 cm Ϫ1 ) and protein content. The ␤-hydroxybutyrate dehydrogenase (BDH1) activity assay was adapted from Refs. 32 and 33 and measured the reduction of NAD ϩ at 37°C over 15 min following the addition of 20 M 3-hydroxybutyrate to 200 g of mitochondria in BDH1 activity buffer (50 mM Tris-HCl, 2 mM NAD ϩ , 20 mM sodium hydroxybutyrate, 1 mM KCN, 0.4 g/ml of rotenone, and 0.4 mg/ml BSA). Isocitrate dehydrogenase (ICD3) (NAD ϩ -dependent) and ICD2 (NADP ϩ -dependent) activities were measured over 10 min (340 nm, 30°C) following the addition of a mixture of 10 mM citrate and 1.5 mM isocitrate to 150 g of mitochondria in pre-warmed (37°C) 70 mM Tris-HCl, pH 7.2, 2 mM NAD ϩ or NADP ϩ , 2 mM ADP, 8 mM MgCl 2 , 1 mM MnCl 2 , and 5 l/ml of antimycin A (5% in EtOH) (34, 35) . Succinate dehydrogenase was assayed by first activating the enzyme by incubating 5-10 g of mitochondria in 100 mM potassium phosphate buffer (pH 7.4) with 20 mM succinate for 5 min at 37°C followed by the addition of 2 mM KCN, 200 M 2,6-dichloroindophenol, and 1.6 mM phenazine methosulfate (35) . Succinate dehydrogenase was measured spectrophotometrically (600 nm, 30°C) based upon the reduction of 2,6-dichlorophenolindophenol (⑀ ϭ 21 mM Ϫ1 cm Ϫ1 ) by phenazine methosulfate over 7 min. Branched chain amino acid dehydrogenase (BCKAD) and pyruvate dehydrogenase activity rates were determined by measuring the production of [ 14 C]CO 2 from either 1.25 Ci/ml of [1-14 C]leucine (100 M) or 0.625 Ci/ml of [1-14 C]pyruvate (1 mM with 0.15% BSA), respectively, using the protocols for leucine and pyruvate oxidation in isolated mitochondria. Reduced (GSH) and oxidized (GSSG) glutathione were measured using the Biotech GSH/GSSG-412 assay kit (OxisResearch, Portland, OR) optimized for tissues.
Analysis of mRNA Expression-Total RNA was isolated from mixed gastrocnemius muscle using the total RNA isolation kit (Qiagen). RNA quality and quantity were determined with a NanoDrop 8000 (Thermo Scientific). cDNA was synthesized from 1 g of RNA using the IScript cDNA synthesis kit (Bio-Rad) in a 20-l reaction volume and diluted 5-fold for subsequent RT-PCR. mRNA abundance was assayed by real-time quantitative PCR using a Prism 7000 with TaqMan real-time master mix and pre-designed/pre-validated FAM-labeled Assays-on-Demand (Applied Biosystems, Foster City, CA). Data were normalized using values from a duplexed reaction using a VIC-labeled 18 S endogenous control (Applied Biosystems).
Mitochondrial DNA Content-Total DNA was extracted from mixed gastrocnemius muscle using phenol/chloroform (25:4) followed by ethanol precipitation (36) . The ratio of mitochondrial DNA to nuclear DNA was measured using real-time quantitative PCR by calculating the ratio of the fold-change from the ⌬⌬C t of a mitochondrial encoded gene (COX1) and a nuclear encoded gene (␤-actin).
Protein Expression-Gastrocnemius muscle lysates were prepared using protease and phosphatase inhibitor mixtures and 0.001 g/l of microcystin (Sigma). Protein concentrations were determined using a BCA Assay (Sigma) and separated on 4 -15% Criterion TGX Precast gels (Bio-Rad). Blots were blocked with 0.45% fish gelatin for 1 h then exposed to primary antibody to detect citrate synthase (Alpha Diagnostics International, San Antonio, TX), oxidative phosphorylation (OXPHOS) complexes (MitoSciences), BDH1, ICD3 (Abcam, Cambridge, UK), BCKAD E1␣ subunit (generously provided by Dr. Chris Lynch), and TXNIP (generously provided by Dr. Roger Davis). MemCode (Pierce) protein staining served as a loading control for each blot with band intensity being quantified using ImageQuant software (Amersham Biosciences). Proteins were visualized with secondary antibodies labeled with IRDye infrared dyes using an Odyssey CLx Infrared Imaging System and Image Studio software (LI-COR Biosciences, Lincoln, NE). The muscle (A) and heart (B) subunits of the lactate dehydrogenase (LDH) complex were measured colorimetrically by loading 30 g of gastrocnemius muscle protein onto a 7.5% native polyacrylamide gel (Bio-Rad). Following electrophoresis, the gel was stained in 30 ml of staining solution containing 0.1 M sodium lactate, 1.5 mM NAD, 0.1 M Tris-HCl (pH 8.6), 10 mM NaCl, 5 mM MgCl 2 , 0.03 mg/ml of phenazine methosulfate, and 0.25 mg/ml nitro blue tetrazolium. Band intensity was quantified using Image Lab 4.1 software (Bio-Rad).
Statistical Analysis-Data are expressed as mean Ϯ S.E. Results were analyzed by Student's t test unless otherwise indicated in the figure legends. A p value less than or equal to 0.05 was considered statistically significant.
RESULTS

TXNIP Deficiency Disrupts Whole Body Energy Metabolism-
Previous studies examining the metabolic consequences of total body Txnip deficiency were performed in the context of prolonged food deprivation (18 -36 h) (3, 9, 11, 12) . To avoid the complexities of the murine starvation response, we examined metabolic regulation during a 5-6-h fast. In the morning after overnight ad libitum feeding and throughout 6 h of food withdrawal, Txnip knock-out (TKO) mice had lower blood glucose levels and higher blood lactate ( Fig. 1A ). In line with earlier reports, when challenged with an intraperitoneal injection of glucose TKO mice exhibited exquisite glucose tolerance ( Fig.  1B) , with a trend toward lower insulin levels (Fig. 1C ) despite increased body weight ( Fig. 1D ) and higher circulating levels of lipid-derived fuels such as triglycerides, non-esterified fatty acids, and ketones ( Fig. 1E ). Because TXNIP is expressed abundantly in skeletal muscle ( Fig. 1F ), the principal contributor to circulating lactate, we proceeded to examine muscle glucose metabolism ex vivo. In isolated soleus muscles from TKO compared with WT mice, lactate production was increased in both the basal and insulin-stimulated states, whereas glycogen synthesis was elevated only in the latter condition ( Fig. 1, G and H) . Using the Lox-P/Cre strategy described under "Experimental Procedures," we generated mice lacking Txnip specifically in skeletal muscle (TXNIP SKMϪ/Ϫ ) but retaining expression in heart (Fig. 1I ). The metabolic phenotype of these mice was remarkably similar to the TKO line ( Fig. 1 , J-M), suggesting derangements in skeletal muscle energy metabolism contribute substantially to the phenotype of the TKO model. In summary, these findings are consistent with the idea that genetic ablation of TXNIP promotes glucose uptake and glycolytic metabolism in muscle.
TXNIP Deficiency Compromises Exercise Tolerance-The higher glycolytic rates in TKO mice could be due to oxidative deficits, as previously suggested (11) . Surprisingly, however, when whole body energy metabolism was monitored by indirect calorimetry during a 72-h period we were unable to detect genotype differences in RER, heat production, and oxygen consumption (data not shown). Physical activity and food consumption were also similar between groups. To further explore the connection between TXNIP and oxidative capacity in the context of increased energetic demand we challenged the mice with two distinct exercise tests. During a graded, high intensity regimen, peak VO 2 obtained by TKO mice was 13% lower than that measured in their WT counterparts ( Fig. 2A ), whereas RER was elevated throughout the test, indicative of a substrate shift toward carbohydrate oxidation ( Fig. 2B ). Because fatty acid oxidation becomes an essential source of energy during prolonged exercise, we next subjected the animals to a graded, mid-intensity endurance run using an open-air treadmill. Exercise endurance was diminished in TKO mice relative to the WT controls, evidenced by reduced time (78.0 Ϯ 2.19 versus 84.8 Ϯ 1.28 min) and distance (1774 Ϯ 81.8 versus 2035 Ϯ 52.3 m) to exhaustion (Fig. 2, C and D) . Circulating levels of ␤-hydroxybutyrate measured immediately after exercise were elevated in TKO mice, consistent with impaired ketone uptake and/or catabolism ( Fig.  2E ). Importantly, TXNIP SKMϪ/Ϫ mice exhibited a similar exercise intolerant phenotype during both treadmill tests (Fig. 2 , F-J), again implicating muscle as a major site of metabolic dysregulation in the TKO mice. Although these results clearly point to a role for TXNIP in regulating muscle substrate selection, both loss-of-function models maintained considerable oxidative reserve, arguing against a severe defect in mitochondrial respiratory function.
TXNIP Deficiency Diminishes Substrate Oxidation in Muscle but Not Liver Mitochondria-We next sought to pinpoint the specific sites of oxidative dysfunction in the TXNIP null condition. Because TXNIP has been implicated in regulating energy metabolism in both skeletal muscle and liver, TKO mice were used to permit direct comparisons between these two tissues. Measurement of substrate oxidation in isolated soleus and EDL muscles revealed marked genotype-dependent deficits in glucose, fatty acid, and amino acid catabolism ( Fig. 3 , A-C). Notably, whereas TXNIP deficiency lowered glucose and fatty acid oxidation 25-30% in both soleus and EDL, oxidation rates of the BCAA, leucine, were diminished 68% in soleus and 87% in EDL, as compared with WT muscles. Experiments in isolated mitochondria from TKO gastrocnemius muscles produced similar results, again showing moderate declines in pyruvate and palmitate oxidation ( Fig. 3 , D and E) and a much more striking 75% deficit in leucine oxidation ( Fig. 3F ). By contrast, oxidation rates of all three substrates were normal in liver mitochondria harvested from TKO compared with WT mice (Fig. 3 , G-I). Thus metabolic insufficiencies measured at the whole body level appeared to be due in large part to remodeling of the muscle oxidative machinery.
TXNIP Deficiency Does Not Affect Mitochondrial Content or Respiratory Function-We questioned whether the foregoing deficits in oxidative metabolism were related to changes in mitochondrial mass and/or respiratory function. Contrary to this possibility, muscle quantities of mitochondrial DNA, citrate synthase protein content, and enzyme activity (not shown), as well as protein abundance of several constituents of the ETC (Fig. 3 , J and K), were similar between genotypes. Comprehensive evaluation of respiratory function using isolated mitochondria also proved unremarkable (not shown). More rigorous assessment of respiratory kinetics using permeabilized fiber bundles in combination with a high resolution respirometry system revealed only modest abnormalities in ETC function (Fig. 3L ). ADP-stimulated V max in the presence of saturating glutamate-malate concentrations was 20% lower in the TKO mice, implying a minor deficit in maximal rates of ATP synthesis at Complex V. When substrate kinetics were analyzed at more physiological, submaximal concentrations, we identified a subtle shift toward increased sensitivity (lower K m ) to glutamate ( Fig. 3M ), suggesting enhanced use of this fuel to provide NADH to Complex I. These findings argue against a major impingement at the level of the ETC.
TXNIP Deficiency Disrupts Redox Balance without Affecting Mitochondrial Reactive Oxygen Species Emission-Because TXNIP is best known for its role in redox regulation, we sought FIGURE 1. TXNIP deficiency alters whole body energy metabolism. TKO mice and WT littermates were fed a standard chow diet and metabolic parameters were measured at 18 -22 weeks unless otherwise noted. A, blood glucose and lactate levels were measured 0 -6 h following food withdrawal (n ϭ 6). B, glucose tolerance tests were performed at 12 weeks of age using 1.75 g/kg of glucose administered 6 h after food withdrawal (n ϭ 12). C, serum insulin was measured at 0 and 15 min. D, body weight at 22 weeks. E, plasma triglycerides (TAG), non-esterified fatty acids (NEFA), and ␤-hydroxybutyrate (BHB) were measured 5 h after food withdrawal at 9 -12 weeks of age (n ϭ 6 -8). F, TXNIP mRNA tissue distribution was measured by real-time quantitative PCR and normalized to 18S as an endogenous control gene (n ϭ 5). Lactate production (G) and rates of [ 14 C]glucose (H) incorporation into glycogen were measured in isolated soleus muscles incubated 1 h Ϯ 100 nM insulin. I, TXNIP mRNA expression in skeletal muscle and heart from TXNIP SKMϪ/Ϫ and TXNIP fl/fl mice (n ϭ 3). Metabolic parameters of TXNIP SKMϪ/Ϫ mice and TXNIP fl/fl littermate controls were measured at 12-14 weeks of age. J, blood glucose and lactate levels (n ϭ 5). K, glucose tolerance tests (n ϭ 6). L, body weight at sacrifice. M, plasma metabolites (n ϭ 9). Data are mean Ϯ S.E. and results were analyzed by Student's t test (*, p Յ 0.05 and **, p Յ 0.001).
to determine whether the unique form of mitochondrial dysfunction in muscles from the TKO mice might be related to changes in redox balance. To this end, we measured a series of metabolites that report on shifts in cellular energy charge and oxidative stress. Interestingly, despite high rates of glycolysis and lactate production, muscle concentrations of NADH (Fig.  4A) were unchanged in the TKO mice. By contrast, levels of NADPH, which can also arise from glucose metabolism via the pentose-phosphate shunt, were elevated 2.5-fold in the TKO mice (Fig. 4B) , resulting in a striking decrease in the NADH/ NADPH ratio (Fig. 4C) . Conversely, TXNIP deficiency resulted in a 25% decline in muscle concentrations of reduced GSH and a 33% increase in the oxidized form, GSSG (Fig. 4, D-F) . Because GSH participates in antioxidant defense, we questioned whether the alterations in redox balance in TKO muscles were related to increased mitochondrial production of reactive oxygen species. On the contrary, when assayed in permeabilized fiber bundles, rates of succinate-supported mitochondrial H 2 O 2 emission trended lower in the TKO group (Fig. 4G) . Thus, the metabolic defects in TKO muscles did not appear to result from mitochondrial-derived oxidative stress.
Targeted Metabolomics Revealed Several Muscle-specific Roadblocks in Mitochondrial Carbon Flux-To gain further insight into the oxidative lesions arising from TXNIP deficiency FIGURE 2. TXNIP deficiency decreases exercise tolerance. TKO mice and WT littermates were subjected to two different treadmill exercises at 12-15 weeks of age. Indirect calorimetry was used to measure peak VO 2 (A) and the RER (VCO 2 /VO 2 ) (B) as a function of workload during a graded, high intensity regimen. Exercise endurance was evaluated using an open-air treadmill and a mid-intensity regimen. Performance was assessed by measuring time (min) (C) and distance (meters) (D) to exhaustion. E, plasma ␤-hydroxybutyrate was measured prior to and immediately after endurance exercise. Data are expressed as mean Ϯ S.E. from 7 to 8 animals per group. The same tests were administered to TXNIP SKMϪ/Ϫ mice and TXNIP fl/fl littermate controls at 22-24 weeks of age. F, peak VO 2 . G, RER. H, time; and I, distance to exhaustion. J, plasma ␤-hydroxybutyrate concentrations. Data are expressed as mean Ϯ S.E. from 5 to 7 animals per group and results were analyzed by Student's t test (*, p Յ 0.05 and **, p Յ 0.001). Panels B and G were evaluated using a one-factor analysis of variance and post hoc analysis to determine differences between groups.
we used a targeted metabolomics approach to capture a snapshot of intermediary metabolism in vivo. Because mitochondrial degradation of carbon fuels results in the production of multiple acyl-CoA intermediates, we expected muscle quantities of these molecules to change in association with TXNIP expression. A survey of acyl-CoAs in gastrocnemius muscle from TKO compared with WT mice revealed a 35% reduction in acetyl-CoA (Fig. 5A) , the universal end product of carbohydrate, fat, and protein catabolism. Additionally, the leucinederived metabolite, isovaleryl-CoA, was 65% lower in TKO mice (Fig. 5A) , and a similar trend was evident for several even chain, fatty acid-derived species (Fig. 5A ). By virtue of the mitochondrial carnitine acyltransferase enzymes, the foregoing acyl-CoA intermediates give rise to their corresponding acylcarnitine conjugates, which also report on substrate flux at specific mitochondrial enzymes. Whereas muscle levels of acetyl-CoA-derived acetylcarnitine (C2) were unaffected by genotype ( Fig. 5B ), most odd chain/amino acid-derived acylcarnitines, as well as several medium and long chain/fatty acid-derived species, were reduced with TXNIP deficiency (Fig. 5B ). Long chain acylcarnitines are produced by the carnitine palmitoyltransferase enzymes (CPT1 and CPT2), which reside in the outer and inner mitochondrial membranes, respectively, and catalyze the initial steps in ␤-oxidation. Although a reduction in total long chain acylcarnitines (Fig. 5B) is consistent with diminished CPT1 activity, tissue concentrations of malonyl-CoA, a potent glucose-derived inhibitor of CPT1 (37), were similar between genotypes ( Fig. 5A ). Therefore, reduced lipid catabolism in TKO mice did not appear to result from malonyl-CoA-mediated inhibition of fat oxidation.
In contrast to many other even chain species, levels of 3-hydroxybutyrylcarnitine (C4OH) were robustly elevated in the muscles of TKO mice (Fig. 5B ). Because the C4OH metabolite can arise from the ketone intermediate, 3-hydroxybutyryl-CoA (38) , this finding is consistent with a severe bottleneck in ketolysis. Muscle concentrations of several glucose-derived organic acids and amino acids (including glycine, alanine, and lactate) were elevated in the TXNIP null condition, whereas intermediates directly involved in anaplerotic entry of carbons into the tricarboxylic acid (TCA) cycle (such as aspartate, glutamate, ␣-ketoglutarate, and fumarate) were diminished (Fig. 5, C and  D) . These results are consistent with perturbations in glycolysis and TCA cycle flux and might reflect increased trafficking through the malate/aspartate and glutamate/aspartate shuttles. Although muscle concentrations of the BCAAs (valine, leucine, and isoleucine) were similar between groups (Fig. 5D ), circulat-ing levels of these metabolites were elevated in TKO mice (Fig.  5E ), consistent with a defect in BCAA catabolism. Whereas the metabolite signature in skeletal muscle was clearly distinguishable between genotypes, the only differentially abundant metabolites in TKO liver were the lower levels of long chain acylcarnitines (Fig. 6, A-C) , which again occurred independent of changes in malonyl-CoA (not shown). In aggregate, these results add further evidence that TXNIP plays a key role in maintaining oxidative metabolism at sites upstream of the ETC.
TXNIP Deficiency Results in Muscle-specific Deficits in Multiple Dehydrogenase Enzymes-The foregoing static metabolic profiles (Fig. 5, A-E) , taken together with the substrate oxidation presented in Fig. 3 , A-F, pointed toward several specific mitochondrial oxidoreductase enzymes responsible for degrading BCAAs, ketones, and fatty acids, including BCKAD, BDH1, and SCHAD. As predicted, the activities of these three enzymes were diminished 65, 47, and 15%, respectively, in mitochondria from TKO compared with WT muscles (Table 1) . Likewise, activity of the NAD-dependent TCA cycle enzyme, ICD3, was 27% lower in muscles from TXNIP KO compared with WT mice ( Table 1 ). The impact of TXNIP deficiency on mitochondrial dehydrogenase enzymes was not universal, as the activities of succinate dehydrogenase (SDH), pyruvate dehydrogenase (PDH), and NADPH ϩ -dependent ICD2, were similar between genotypes.
We proceeded to determine whether the decline in the aforementioned enzyme activities was related to changes in gene and/or protein expression. Whereas mRNA expression of these enzymes was similar between TKO and WT mice (Fig. 7A) , Western blot analyses revealed marked deficits at the level of protein expression, as quantities of the BCKAD E1␣ subunit, BDH1, and ICD3 were decreased 77, 65, and 22%, respectively (Fig. 7B) . These changes in protein abundance were remarkably similar in muscles from TXNIP SKMϪ/Ϫ mice (Fig. 7C ) and mirrored the degree to which oxidation rates of each respective substrate were diminished in the TXNIP null condition. By contrast, expression levels of the same three proteins were unchanged in liver of TKO mice as compared with their control littermates (not shown). Considering that TXNIP deficiency increased circulating levels and muscle production of lactate (Fig. 1, A and G) , we examined muscle isoenzyme distribution of LDH, a tetrameric complex consisting of M (muscle) and H (heart) subunits (39) . Based on its subunit composition, the complexes are referred to as LDH1 (H 4 ), LDH2 (H 3 M 1 ), LDH3 (H 2 M 2 ), LDH4 (H 1 M 3 ), or LDH5 (M 4 ). As suspected, native gel electrophoresis revealed a pronounced shift toward an isoenzyme composition depleted of LDH1 and enriched in LDH5 in TXNIP null muscles (Fig. 7, D-F) , whereas mRNA abundance of the Ldh5 and Ldh1 genes were unchanged (Fig. 7G) . Similar results were found in muscles from TXNIP SKMϪ/Ϫ mice (Fig. 7,  H-K) . The LDH1 isozyme favors conversion of lactate to pyruvate, whereas the opposite is true of LDH5 (39) fitting with the metabolic phenotype of the Txnip null animals. Last, because TXNIP appeared to be essential for maximum oxidation of leucine, ketones, and lactate, we questioned whether TXNIP is transcriptionally up-regulated in response to physiological stresses known to increase muscle reliance on these alternative fuels. Indeed, overnight fasting, genetic diabetes, and prolonged exercise increased Txnip mRNA levels in rodent skeletal muscles ( Fig. 7, L-O) . In summary, these findings establish a tissuespecific role for TXNIP in preserving mitochondrial capacity to switch substrates during glucose deprivation.
DISCUSSION
TXNIP is a multifaceted molecule that sits at the crossroad of redox sensing, oxidative stress, and metabolic control (3, (7) (8) (9) (10) (11) (12) (13) (14) . Despite numerous reports showing that TXNIP deficiency causes profound derangements in energy metabolism, the molecular mechanisms underlying these consequences remain murky. Previous reports have suggested that loss of TXNIP leads to respiratory dysfunction that in turn gives rise to aerobic glycolysis, also known as the Warburg effect (8, 9, (11) (12) (13) . Here, we explored the connection between TXNIP and mitochondrial performance in skeletal muscle and liver, two organs principally responsible for whole body glucose and lipid homeostasis. We report several new and enlightening observations that add to our current physiological understanding of this protein.
First, TXNIP deficiency in skeletal muscle resulted in diminished oxidation of all major substrates, leading to reduced exercise tolerance. Second, the oxidative insufficiencies in TXNIP null muscles were not due to reductions in mitochondrial mass, impaired ETC function, or increased mitochondrial reactive oxygen species production; but instead were attributed to decreased protein abundance of specific mitochondrial dehydrogenase enzymes. Last, the consequences of TXNIP deficiency were tissue-dependent, as the striking metabolic deficits evident in muscle mitochondria of TKO mice were absent in liver.
Despite marked changes in circulating levels of several metabolic fuels, whole body energy expenditure and substrate selection were unchanged in TKO mice. This observation aligns with an earlier report (10) and fits with the finding that TXNIP deficiency did not affect substrate oxidation rates in isolated mitochondria from liver, an organ that contributes substantially to resting RER. By contrast, genotype-dependent differences in the muscle-fueled selection were revealed during a treadmill challenge. The higher RER in the TKO mice undergoing exercise agreed with the lower rates of fatty acid and amino acid oxidation measured in isolated muscles and isolated mitochondria. Although exercise tolerance was diminished in both TKO and TXNIP SKMϪ/Ϫ mice, these animals were still capable of reaching and maintaining relatively high workloads during an acute treadmill test. This outcome was inconsistent with severe respiratory defects. Indeed, subsequent experiments showed that mitochondrial content and ETC function were essentially normal in TXNIP null skeletal muscles.
Despite high rates of glycolysis in the TXNIP null muscles, NADH levels were unchanged. This result adds further support to the notion that ETC function is not a limiting factor in the TKO mice, and raises the possibility that enhanced transfer of glucose-derived NADH to complex I via the malate/aspartate shuttle ( Fig. 8 ) might compensate for deficiencies in fatty acid and amino acid catabolism during exercise. Additionally, this finding conflicts with the idea that NADH accumulation in TKO muscles leads to inactivation of PTEN, a redox-sensitive phosphatidylinositol 3-phosphatase that lowers cellular levels of (3,4,5)-trisphosphate thereby dampening Akt phosphorylation and insulin signaling (11) . Because high NADH levels have been shown to block TXN/NADP(H)-dependent activation of PTEN, investigators suggested that a rise in the cellular NADH/ NADPH ratio, secondary to respiratory dysfunction, might lead to constitutive oxidation and inactivation of PTEN, thus amplifying Akt phosphorylation. Although the latter outcomes were clearly apparent in TKO muscles (11) , NADH and NADPH were not measured. In the current study TXNIP deficiency did not affect NADH levels but instead caused a 2-fold rise in NADPH, possibly resulting from increased glucose transport and subsequent metabolism in the pentose phosphate pathway (40) . NADPH provides reducing power for regenerating GSH and TXN. Surprisingly, however, elevated NADPH levels in the TKO muscles were accompanied by lower GSH concentrations. Although the reason for this disconnect is uncertain, we suspect that substrate-driven pressure on membrane-associated NADPH oxidase (NOX), which generates superoxide, might give rise to non-mitochondrial H 2 O 2 production, thereby increasing demands on the GSH oxidant scavenging system. Interestingly, NOX-derived reactive oxygen species has been shown to target and inactivate PTEN as part of a feed-forward mechanism that boosts insulin action (41) .
To our knowledge, this investigation was the first to apply comprehensive metabolic profiling tools to the TXNIP null models. When the targeted metabolomics analyses were combined with results of the foregoing substrate oxidation and respiratory function assays, a clearer picture of TXNIP deficiency began to take shape (Fig. 8) . First, the tissue-specific role of this protein in regulating mitochondrial metabolism was further underscored, as the only commonality between the muscle and liver was the long chain acylcarnitine profile. In both tissues, the decline in long chain acylcarnitines suggested a decrease in either CPT1 activity or substrate delivery. Because neither CPT1 protein abundance nor malonyl-CoA levels were affected by genotype, we suspect that loss of TXNIP impedes fatty acid transport into tissues via a yet unknown mechanism. Second, the reduction in skeletal muscle acetyl-CoA levels was consistent with catabolic defects upstream of the ETC, and both the acyl-CoA and acylcarnitine profiles pointed to major defects in the pathways of amino acid and ketone degradation. Most notably, muscle content of isovaleryl-CoA (C5) as well as each of the odd-chain acylcarnitines were robustly decreased in the TKO group, whereas circulating BCAA levels were elevated. Considering that isovaleryl-CoA is produced by BCKAD, and because this metabolic profile resembles BCKAD deficiency in humans and mice (42) , attention was drawn to this complex.
Also quite striking in the TKO mice was the marked rise in intramuscular levels of ␤-hydroxybutyrylcarnitine. This metabolite derives from 3-hydroxyacyl-CoA, a product of ketone metabolism and a substrate of the SCHAD enzyme (43, 44) . Addition- ally, the decline in muscle levels of ␣-KG suggested a potential impingement in TCA cycle flux at the ICD3 step. Collectively, these signatures led to the discovery that TXNIP deficiency in muscle results in a near complete loss of both the BCKAD E1A subunit and BDH1 protein, with more modest declines in protein abundance of SCHAD and ICD3. These findings help to explain the elevated circulating levels of ketones, fatty acids, and amino acids in the TXNIP-deficient models as well as their intolerance to prolonged fasting (12) and endurance exercise.
Another important finding of this study was the TXNIP-dependent shift in muscle abundance of the LDH1 and LDH5 complexes. This result could explain why the knock-out mice have such high levels of circulating lactate despite normal respiratory function. Recent studies have shown that permeabilized myofibers and isolated muscle mitochondria oxidize lactate in a NAD-dependent manner (45) , and confocal imaging of immunolabeled fibers revealed significant amounts of LDH localized to both the outer mitochondrial membrane as well as the intermembrane space (46) . Exercise training-induced adaptations in the LDH complex, which favor increased LDH1 activity, are thought to play an important role in enhancing pyruvate oxidation and mitigating blood lactate levels during physical activity (47) . Results herein suggest that TXNIP might contribute to exercise-induced remodeling of the complex by promoting synthesis and/or stability of the LDH M subunit.
These findings imply that the redox environment plays a key role in modulating protein abundance of BDH1, BCKAD, and LDH1, all of which produce NADH. The mechanism(s) by which TXNIP protects specific oxidoreductase enzymes remains unknown, although our data point to regulation at the level of protein synthesis and/or stability. TXNIP can form intermolecular disulfide bonds with reduced thioredoxin as well as other proteins containing a CXXC motif. Emerging evidence suggests that TXNIP is present and functionally active in the mitochondrial matrix (19, 48) . Moreover, in INS1 cells, recombinant TXNIP was shown to translocate to the mitochondria in response to oxidative stress, which in turn activated the apoptosis signaling kinase ASK1 by disrupting its interaction with mitochondrial localized TXN2 (48) . Additionally, TXN has been shown to bind directly to various 2-oxoacid dehydrogenase complexes, which appears to modulate enzyme activity in vitro (49, 50) . Thus, the absence of TXNIP might alter interactions between TXN2 and other redox-sensitive mitochondrial proteins.
Last, we consider the physiological relevance of our findings in the settings of feast and famine. Transcriptional induction of TXNIP is typically viewed as a negative feedback response to excessive glucose exposure, mediated via the activation of carbohydrate-responsive transcription factors, ChREBP and MondoA (51) . Our finding that skeletal muscle mRNA expression of TXNIP is up-regulated during nutritional states characterized by intramuscular glucose insufficiency, such as fasting, severe diabetes, and prolonged exercise, supports evidence that this protein can be regulated by nutrient signals other than FIGURE 8 . TXNIP deficiency disrupts mitochondrial fuel selection. During periods of carbohydrate deprivation, up-regulation of TXNIP serves to limit glucose transport into skeletal muscle and promote mitochondrial oxidation of alternative fuels. TXNIP deficiency enhances glucose uptake and flux through both glycolysis and the pentose phosphate pathway. Despite this shift to glycolytic metabolism, respiratory function of the ETC remains intact, thereby permitting transfer of glucose-derived NADH to complex I via the malate/aspartate shuttle. Diminished protein expression and activities of specific mitochondrial dehydrogenase enzymes lowers muscle capacity for oxidizing lactate, fatty acid, amino acid, and ketones, thus disrupting adaptive mitochondrial fuel switching in response to starvation and exercise. Key: metabolites affected by TXNIP deficiency are indicated in red (increased) and blue (decreased). Abbreviations: AcAc, acetoacetate; ␣-KG, ␣-ketoglutarate dehydrogenase; AST, apartate aminotransferase; BHB, ␤-hydroxybutyrate; BDH1, ␤-hydroxybutyrate dehydrogenase; CACT, carnitine acylcarnitine translocase; CPT1 and CPT2, carnitine palmitoyltransferase 1 and 2; DHAP, dihydroxyacetone phosphate; G-6-P, glucose 6-phosphate; GDH, glutamate dehydrogenase; GPx, glutathione peroxidase; ICD3, NAD ϩ -dependent isocitrate dehydrogenase; LCAC, long chain acylcarnitine; LCFA-CoA, long chain fatty acid acyl-CoA; LDH1, lactate dehydrogenase 1; LDH5, lactate dehydrogenase 5; MDH, malate dehydrogenase; NOX, NADPH oxidase; PDH, pyruvate dehydrogenase; PPP, pentose phosphate pathway. glycolytic intermediates (14) . Prominent among these is insulin, as TXNIP was identified as one of the most potently suppressed skeletal muscle mRNAs in healthy human individuals subjected to a hyperinsulinemic-euglycemic clamp (14) . Taken together, these results imply that insulin-mediated suppression of TXNIP in the refed state serves not only to disinhibit glucose uptake, but also to restrict ketone and BCAA oxidation and promote net protein synthesis. Conversely, during periods of prolonged glucose restriction or chronic exercise training, skeletal muscles are reprogrammed to switch energy currency from glucose to fatty acids, ketones, and amino acids. This occurs at the level of substrate supply as well as increased enzyme activities and protein abundance (52) (53) (54) and serves as a fundamental survival mechanism that preserves glucose for the brain.
Whereas glucose sparing favors survival during times of famine, elevated TXNIP expression in nutrient replete muscles of obese and diabetic individuals might contribute to glucose disuse. For example, obesity and diabetes are associated with elevated circulating levels of fatty acids, ketones, and BCAA, as well as hyperglycemia (55, 56) . A large body of evidence links the development of insulin resistance to heightened competition between glucose and lipid-derived substrates (57) . More recent studies implicate a similar role for BCAAs (56, 58) , which can fuel the TCA cycle by providing both acetyl-CoA and anaplerotic carbons thereby rendering glucose superfluous. Based on these findings, we speculate that inappropriate up-regulation of TXNIP in the context of overnutrition exacerbates substrate competition and contributes to nutrient-induced mitochondrial stress and/or redox imbalance (59) . In summary, this work identifies a novel role for TXNIP in coordinating fuel selection in response to nutrient availability and furthers implicates this protein as a potential antidiabetic drug target.
